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A compact X-ray detector based on the lutetium yttrium oxyorthosilicate scintillator (LYSO) and silicon 
photomultiplier (SiPM) has been designed and fabricated for the hard X-ray diagnosis on the HL_2A and HL_2M 
Tokamak devices. The LYSO scintillator and SiPM in small dimensions were combined in a heat shrink tube 
package, making the detector compact and integrative. The Monte Carlo particle transport simulation tool, 
Geant4, was utilized for the design of the detector for the hard X-ray from 10 keV to 200 keV and the best 
structure scheme was presented. Finally, the detector was used to measure the photon spectrum of a "Cs gamma 
source with a pre-amplifier and a multichannel amplitude analyzer. The measured spectrum is consistent with 
the theoretic spectrum, it has shown that the energy resolution of the detector is less than 14.8% at an energy of 


662 keV. 


Keywords: Hard X-ray, Tokamak, HL_2A/HL_2M, Lutetium yttrium oxyorthosilicate scintillator (LYSO), Silicon photomul- 


tiplier (SiPM), Geant4 


DOI: 10.13538/j.1001-8042/nst.26.060402 


I. INTRODUCTION 


Hard X-ray diagnosis is one of the main diagnoses for 
Tokamak devices. Under Lower Hybrid Current Drive (L- 
HCD), measuring the emitted hard X-ray from the plasma 
area is an important diagnostic method to study the curren- 
t drive efficiency, electron speed spatial distribution, ener- 
gy deposition, and other physical conditions [1]. LHCD is 
a commonly used non-inductive heating method in Tokamak 
experiments. It will heat the hot electrons to a resonance ener- 
gy about 10 keV to 200 keV, thus the emitted bremsstrahlung 
hard X-ray energy range is from 10 keV to 200 keV [2]. The 
selection of a suitable detector is the key to this hard X-ray 
measurement. 

A Nal scintillator was used by Goeler for the Princeton 
Large Torus (PLT) device in 1985 [3]; Yang et al. established 
a Hgl, semiconductor detector to study the 15-150 keV hard 
X-ray for HL_1IM in 1997 [1]; Peysson et al. introduced a 
CdTe detector array on the Tore Supra device and provid- 
ed nice experimental diagnostic results in 2001 [4, 5]; also, 
CdTe detector arrays were established on the HL-7 [6], H- 
L_2A [7-9] Tokamak. In this work, a LYSO scintillator [10- 
12] was chosen for its better temporal resolution compared 
with currently used semiconductor detector such as CdTe or 
CdZnTe [13, 14], the decay time of the LYSO crystal shin- 
ing was only about 41 ns [15]. This means the LYSO detector 
can support a higher pulse count rate and has a wider dynamic 
range for hard X-ray measurements. The high price of CdTe 
and CdZnTe detectors also limits its application. Moreover 
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semiconductor detectors are facing the problem of irradiation 
damage, incomplete carrier collection, and large dark current, 
though its energy resolution is better. 

The LYSO scintillator has a high light output (76% of 
Nal(Tl])), large effective atomic number (65), and great den- 
sity (7.1 g/cm’), thus it has a good X-ray stopping ability and 
detection efficiency. It also has stable physical and chemi- 
cal properties. For example, its temperature is quite small 
(—0.2% /°C) and it has superb radiation hardness [16]. In this 
work, SiPM [17, 18] was selected as the photoelectric con- 
verter due to its insensitivity to the magnetic field, suitable 
to work in the complex electromagnetic field around Toka- 
mak devices. SiPM was made up of an avalanche diode array 
working in Geiger mode, it’s quite sensitive with single pho- 
ton detection capacity and has a high gain (up to 10°), a low 
bias voltage, and a compact structure. This paper will de- 
scribe the design, fabrication and performance of a compact 
Tokamak hard X-ray diagnostic detector. Its simulation and 
experimental results will also be presented. 


Il. SIMULATION 


Monte Carlo particle transport simulation tools, such as 
Geant4 [19, 20], MCNP, and FLUKA, were widely used in 
the design of particle detectors, avoiding the time and costs 
consuming associated with detector hardware changes. Usu- 
ally, we search for the perfect design by Monte Carlo simu- 
lation and predict the property and efficiency of the designed 
detectors. Geant4 is quite popular among these applications. 

In this work, Geant4.10.00.p02 version was used. LYSO 
was designed to be covered with thin aluminium foil, except 
for the back surface. SiPM was next to the LYSO on the back- 
side. The aluminium foil not only filters low energy X-rays 
under 10 keV, but also prevents the outside visible photons 
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from entering LYSO and reflects the inside scintillate pho- 
tons to be gathered by the backside SiPM. In the simulation 
environment, shown in Fig. 1, an X-ray source irradiates the 
front side of the detector comprised of an LYSO, SiPM, and 
aluminium foil cover. The incident X-ray is set to be a beam 
with radius of 1mm (on real measurement the Tokamak Hard 
X-ray would be collimated to enter the detector due to the 
requirements of spacial resolution). 


Fig. 1. (Color online) The Geant4 simulation environment of this 
detector under X-ray irradiation. Part 1 is the aluminium foil cover, 
its material is Al with density of 2.7 g/cm; Part 2 is the LYSO scin- 
tillation crystal, its material is Luo.6 Y1.397Ceo.003(Si04)O based on 
the LYSO products purchased from Shanghai Institute of Ceramics 
with density of 7.1 g/cm; Part 3 is the SiPM. 


Firstly, the suitable aluminium foil thickness was figured 
out through simulation. The aluminium foil cover should 
filter the low energy X-ray under 10 keV and absorb a few 
X-rays on the focused 10-200 keV energy range, thus the per- 
formance of different thicknesses of aluminium foil (Part 1 in 
Fig. 1) was studied. In the simulation, the thickness is set 
to be 0.01, 0.05, 0.1 and 0.2 mm, respectively, 5 million X- 
ray photons were simulated for each energy point. The energy 
deposition in the front aluminium foil was compared to the in- 
cident X-ray intensity. Finally, the stopping efficiency of the 
aluminium foil for X-rays is calculated and shown in Fig. 2. 
It can be seen that 0.05mm is the perfect thickness. The 
0.01 mm aluminium foil could not stop X-rays from 5 keV to 
10 keV thoroughly and 0.1mm, and 0.2mm aluminium foil 
absorb too many X-rays from 10 keV to 30 keV, which is un- 
der the measurement of the LYSO scintillator. Therefore, the 
chosen aluminium foil thickness is 0.05 mm. 

Secondly, a suitable size for the LYSO scintillator was s- 
tudied through simulation. The length of the LYSO (Part 2 in 
Fig. 1) changes continuously and for each LYSO length, 10 
million photons with random energy from 10 keV to 200 keV 
were simulated to irradiate the detector. Since the quantity 
of produced scintillate photons was almost proportional to 
the energy deposition in the LYSO (about 8 000 photons per 
MeV), we just need to gather the energy deposition in the 
LYSO during the simulation, avoiding the time-consuming 
and inefficient large track of optical photons. After gather- 
ing the energy deposition in LYSOs of different lengths, the 
detection efficiency curve was calculated in Fig. 3 (Detec- 
tion efficiency is the proportion of the energy deposition in 
total energy of the incident X-ray.). Based on Fig. 3, the 
ideal length of the LYSO is determined to be 11mm, be- 
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Fig. 2. (Color online) The aluminium foil stopping efficiency for 
X-ray from 1 keV to 50 keV. 


cause LYSO’s absorption of 10-200 keV X-ray is saturated 
at this length. Accordingly, longer LYSOs could not bring 
significant improvement in detection efficiency. 
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Fig. 3. The curve of LYSO detection efficiency which varies with 
the length of the LYSO. 


For the scintillation crystal, if the incident X-ray energy 
is higher than the energy of its elements’ characteristic X- 
rays, these elements will be excited and emit their character- 
istic X-ray. The characteristic X-rays are isotropous, there- 
fore they have a large possibility to escape from the detec- 
tor’s side, causing a decrease in detection efficiency. One 
possible solution is to increase the size of the detector. In 
order to validate the effectiveness of this method, a simu- 
lation is started. The incident X-rays are fixed to irradiate 
the central circular region (Fig. 1) with a radius of 1 mm, the 
side length of the cuboid LYSO scintillator is set to be 2 mm, 
3 mm and 4mm, respectively. The mono-energy incident X- 
rays are changed from 1 keV to 200 keV with 1 keV the ener- 
gy interval and 1 million photons simulated for each energy 
point. The curve of detection efficiency versus X-ray ener- 
gy for the three different size LYSOs is illustrated in Fig. 4. 
Two sudden changes in the curves can be seen in Fig. 4. 
One refers to the energy point at 18 keV, as it exceeds of the 
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17.037 keV characteristic X-ray energy of the element Yttri- 
um in the LYSO, Yttrium is excited. The other refers to the 
energy point at 64keV, since the characteristic X-ray energy 
of the element Lutetium in the LYSO is 63.304 keV, Lutetium 
is excited. It can also been seen that after the excitation of 
the characteristic X-rays of Lutetium (> 63 keV energy re- 
gion), thicker a LYSO has a better performance of detection 
efficiency. Significant improvement can be observed in the 
3mm-side-length LYSO, compared to the 2mm one, but the 
4mm-side-length LYSO only brings a slight increase in de- 
tection efficiency, compared to the 3mm one, under the con- 
sideration of efficiency and spacial resolution, the best side 
length for the LYSO is 3 mm. 
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Fig. 4. (Color online) The detection efficency of LYSO with three 
different sizes in energy region of 1-200 keV. 


IW. DETECTOR AND MEASUREMENT 


Based on the simulation, a suitable size for the LYSO 
is 3mm x 3mm x 11mm for a cuboid structure. These 
custom-made LYSO scintillation crystals were manufactured 
by Shanghai Institute of Ceramics. SiPM chips were pur- 
chased from SensL Ltd. of Ireland, which are the latest B- 
series (type: MircroFB-30035-SMT), whose sensitive area is 
3mm x 3mm, adapted to the LYSO size. It has 4774 micro- 
cells of avalanche diode with a size of 35 um on the sensitive 
area; the operating voltage is from 25.5 V to 29.5 V (break- 
down voltage is 24.5 V, overvoltage range is from 1 V to 5 V); 
its peak wavelength of absorbed optical photons is 420 nm, 
also adapted to the average 420nm scintillate photon wave- 
length of the LYSO. It has two signal outputs, one is an anode 
to cathode readout with a gain of 3 x 10° and the other is a 
fast terminal readout with a gain of 4.3 x 10*, which is the 
selected readout in this work. The output signal by fast ter- 
minal readout has a rise time of 0.6ns and a pulse width of 
1.5ns, an order of magnitude less than the 41 ns decay time 
of the LYSO crystal shining, making the final output signal 
pulse width mainly determined by crystal shining decay time. 
The aluminium foil thickness is 0.05mm, as required. The 
LYSO, SiPM and aluminium foil are shown in Fig. 5. 


Nucl. Sci. Tech. 26, 060402 (2015) 


Fig. 5. The selected LYSO scintillation crystal, SiPM and the a- 
luminium foil. Part 1 is the aluminium foil with a thickness of 
0.05 mm; Part 2 is the 3mm x 3mm x 11mm LYSO; Part 3 is the 
SiPM chip in the SMT package. 


Fig. 6. The real photo of the compact detector and its inside struc- 
ture. Part 1 is the heat shrink tube package when split to show the 
inner structure; Part 2 is the aluminium foil covered LYSO scintilla- 
tor; Part 3 is the SiPM chip; Part 4 is the small bonding pad for the 
SMT packaged SiPM chip; Part 5 is the signal and power wires; Part 
6 is the outside appearance of the detector. 


Aluminium Foil 
LT JĻ II 
LYSO Scintillator 


pa 
D 
2 
wo 
3. 
i= 
x J} 
re 
> 
© 
3. 
D 
[a 
x 
a 
a 
ro) 


Bias Voltage Supply 
—_—_—_——————_ 
SiPM | Pre-amplifier 


Signal Output 


Hard X-ray Detector 


Fig. 7. The block diagram of the compact Hard X-ray detector. 


The detector was finally fabricated and then packaged in a 
heat shrink tube, as shown in Fig. 6, its block diagram is also 
presented in Fig. 7. The sensitive area of SiPM was close to 
the uncovered backside surface of the LYSO, the other side 
of the LYSO is covered with 0.05 mm of aluminium foil. The 
heat shrink tube not only fix all the parts together, but also 
stop outside visible photons from entering the SiPM from the 
small gap between LYSO and SiPM sensitive areas. Three 
power and signal wires were collected to the small bonding 
pad where SiPM is welded on. Since, in future use, the detec- 
tors will be right next to the pre-amplifier or even fixed on the 
PCB board of the pre-amplifier, EM interferences of the short 
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Fig. 8. The fast terminal readout signal pulse of the detector. 
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Fig. 9. The measured pulse amplitude spectrum for the "Cs gamma 
source. 


signal wires could be ignored, as coaxial cable is not used in 
its signal transmission. 

The detector was used to measure a !37Cs gamma source, 
whose typical fast terminal readout signal is shown in Fig. 8. 
It can be seen that the signal has some undershoots, because 
the fast terminal output pulse signals are alternating current 
coupled. The signal has a width of about 50 ns and an ampli- 
tude of 42 mV, corresponding well to the 41 ns LYSO shin- 
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ning decay time and 1.5 ns SiPM signal width. 

A pre-amplifier was used to amplify the signals from the 
detectors, and the amplified signals were analyzed by a mul- 
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tude spectrum was measured for the '77Cs gamma source as 
shown in Fig. 9. The measured spectrum is consistent with 
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photopeak, we calculated the energy resolution of this detec- 
tor at an energy of 662 keV, which is 14.8% of the effects of 
the pre-amplifier and multichannel amplitude analyzer. 


IV. CONCLUSION 


In this work, a Tokamak Hard X-ray diagnostic detector 
based on the LYSO and SiPM was designed and fabricat- 
ed. Compared to semiconductor detectors, such as CdTe and 
CdZnTe, though having a worse energy resolution, its fast 
signal output has made it capable of reaching a higher pulse 
count rate. Thus, it will adapt to hard X-ray with greater in- 
tensity and has a wider dynamic range, making it another po- 
tential hard X-ray diagnosis detector. Also, its cost advantage 
over other semiconductor detectors makes it capable of es- 
tablishing a diagnostic array with more detectors to provide 
better spacial resolution. 

The detector described in this paper is quite compact and 
integrative, the Geant4 simulation has validated its value in 
Hard X-ray diagnostics. The experiment on a !3’Cs gam- 
ma source has preliminarily validate its capability in pho- 
ton detection, but more research needs to be done before its 
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